We developed high-performance thermal interface materials (TIMs) based on a few-layer graphene (FLG) composite, where FLG was prepared by the interlayer catalytic exfoliation (ICE) method. We experimentally demonstrated the feasibility of FLG composites as TIMs by investigating their thermal and mechanical properties and reliability. We measured the thermal interface resistance (R int ) between FLG composite TIMs (FLGTs) and copper to be 3.2 ± 1.7 and 4.3 ± 1.4 mm 2 K/W for 5 vol % and 10 vol % FLGTs at 330 K, respectively, comparable to or even lower than that of many commercial TIMs. In addition, the thermal conductivity (κ TIM ) of FLGTs is increased by an enhancement factor (β) of ∼17 as the FLG concentration increases from 0 to 10 vol %. We also characterized Vickers hardness and glass transition temperature (T g ) of our FLGTs. We find that our FLGTs are thermally and mechanically reliable within practical operating temperature and pressure ranges.
INTRODUCTION
A significant temperature discontinuity can occur at a thermal junction in the presence of a heat flux if the thermal junction has a high thermal interface resistance (a poor thermal link at the interface). This can cause serious problems in many applications such as industrial machinery and electronic, automobile, or medical devices as the generated heat flux has been significantly increasing due to the miniaturization of devices or high power used.
1−3 Hot spots on those devices or components with the poor thermal interface not cooled down efficiently, thus remaining at high temperatures, can deteriorate the performance, reliability, and lifetime of devices or components. The need to minimize the thermal interface resistance motivated the development of thermal interface materials (TIMs). To achieve an efficient heat conduction at thermal junctions, one can fill in surface irregularities (e.g., air gaps) at interfaces with TIMs, which are required to be thermally conductive and stable and have a low thermal interface resistance and a small (bond line) thickness. 4 In real applications, many types of TIMs are composite systems, consisting of matrices (e.g., silicone oil, hydrocarbon oil, and epoxy) and fillers (e.g., Ag, Al 2 O 3 , BN, carbon nanotube (CNT), and graphite). 4, 5 In particular, a previous study on graphite nanoplatelet filler prepared by the thermal exfoliation technique showed the potential for TIM applications and demonstrated a significant enhancement of thermal conductivity of composites (3000 % at ∼25 vol % loading). 6 There have been a lot of efforts to investigate new types of fillers into composite TIMs with the aim to achieve better thermal and mechanical properties as well as a low production cost for thermal management applications. As a promising candidate for a filler material into composite TIMs, graphene has received a lot of attention due to its excellent thermal and mechanical properties and relatively low cost. 7 However, in order to bring graphene-based composite TIMs into real applications, mass production of high-quality graphene is essential. Recently, Geng et al. developed the interlayer catalytic exfoliation (ICE) method that could enable massive production of high-quality few-layer graphene (FLG) with a relatively large lateral size based on a simple and low-cost process, 8 compared with previous exfoliation approaches such as chemical reduction 9 and liquid-phase exfoliation. 10 In this report, we experimentally demonstrate high-performance TIMs based on a FLG composite, where FLG has been prepared by ICE. 8 A number of recent studies on graphene (or graphite)-based composite TIMs have been reported. 6,11−14 However, most of these studies have focused on the measurement of thermal conductivity and its enhancement. 6,11−13 No direct measurement on the thermal interface resistance (R int ) has been reported despite the promise of graphene-based composite as TIMs. Here, we present a first measurement of R int at the interface between FLG composite TIMs (FLGTs) and copper (Cu). We find that our measured R int (3−4 mm 2 K/W) is comparable to or even lower than that of many commercial TIMs (e.g., R int of commercial Ag-filled adhesive TIMs with R int = ∼10 mm 2 K/W). 15, 16 We also characterize the thermal conductivity of FLGTs (κ TIM ) as well as thermal boundary resistance (R B ) between the epoxy matrix and FLG inside the composite system, providing insights about the enhancement of κ TIM . In addition, we investigate the mechanical property and thermal stability of FLGTs that may give useful information related to their reliability.
EXPERIMENTAL METHODS
Preparation of FLG. We prepared FLG based on the previous report.
8 High-quality FLG powder was prepared by interlayer catalytic exfoliation (ICE) of the ferric chloride (FeCl 3 )−graphite intercalation compound. The FeCl 3 -intercalated graphite (FIG) compound was synthesized by a conventional two-zone vapor transport technique. As-synthesized FIG and H 2 O 2 (30%) were loaded into a reactive bottle at room temperature for about 2 h. The FIG was exfoliated into long worm-like graphite consisting of interconnecting graphene layers, and then a gentle and short time (5 min) ultrasonication was performed to obtain FLG.
Preparation of FLG Composite TIMs. For the FLGT formulation, we assumed the density of graphene and epoxy to be ∼2.2 and ∼1.2 g/cm 3 , respectively, and maintained epoxy resin (Epon 862, Miller-Stephenson)/curing agent (Epikure W, Miller-Stephenson) ratio = 100/26.4 by weight. We dried asprepared FLG for 1 day at 150°C in order to remove residual solvents. Then, we added FLG to Epon 862 based on the vol % calculation and blended this mixture with acetone. The dispersion solution was ultrasonicated for 10 min and dried in ambient condition overnight. It was additionally dried at 80°C in a vacuum oven until acetone was fully removed. We centrifugally mixed preweighted Epikure W with the mixture of FLG/Epon 862 at 2000 rpm for 30 min using Thinky ARE-310. The uncured composite was poured or pasted into metal molds, and it was cured at 100°C for 2 h followed by additional postcuring at 120°C for 4 h (see Figure 1a and Figure S2b ). In order to prepare the FLGT sandwiched by copper blocks (Cu− FLGT−Cu), we pasted the uncured composite mixture on the surface of copper blocks (each one is 10 mm long with diameter of 19.05 mm, and we drilled a hole at the vertical center of each copper block for inserting the RTD (resistance temperature detector, Lakeshore Pt-103)) and assembled them together. We controlled the thickness of FLGTs (t) by changing the thickness of G-10 (flame-retardant Garolite) shims (inserted between two Cu blocks, where the area of each shim is 1−2 mm 2 , less than ∼3% of total area of the copper block surface, leading to a negligible effect on the thermal transport). After the assembling process, the sandwiched structure (Cu−FLGT−Cu) was cured all together by following the same curing process described above (see Figure 1a and Figure S2a ).
Raman and SEM Characterization. We performed Raman spectroscopy on a FLG flake using a Horiba Jobin Yvon Xplora confocal Raman microscope with a 532 nm laser (power = ∼1.4 mW) and a 100× objective. Cross-sectional structures of FLGTs were studied by a scanning electron microscope (SEM) (Hitachi S-4800). We milled the cured Cu−FLGTs−Cu sample and polished the cross-sectional surface using alumina nanoparticles (50 nm) in order to investigate the interface of the Cu−FLGT−Cu.
Thermal Conductivity (κ TIM ) and Thermal Interface Resistance (R int ) Measurements. We developed a modified ASTM D5470 system based on the previous report. 15, 17, 18 Two oxygen-free copper (OFC) rods (diameter = 19.05 mm) with RTDs were used as the heat flux meters. The FLGT sample was inserted between the upper and lower heat flux meters described in the Supporting Information. We used a cartridge heater, which is located on the top of the upper heat flux meter and controlled by a temperature controller (Lakeshore 340), to increase the average sample temperature and kept supplying water to the cold plate for cooling. The pressure was controlled by four spring-loaded clamps. The temperature profile (temperature readings of all RTDs) was recorded when the entire system reached a steady state condition, and all The Journal of Physical Chemistry C Article measurements were conducted at a vacuum condition (<∼20 mTorr) with 0.14 MPa of pressure applied unless otherwise noted. For the thermal cycling test, we increased the average sample temperature from 300 to 370 K with a ramping rate of ∼10 K/min and maintained the average sample temperature at 370 K for ∼1 h. Then, the sample was naturally cooled to 300 K, and we repeated those procedures for multiple cycles. During all measurements, we observed a negligible heat flux difference between the upper and lower heat flux meters, indicating the measured heat flux is reliable without a significant heat loss or generation.
Glass Transition Temperature (T g ) Measurement. We measured T g using Jade DSC. FGLTs were cut into thin disks (∼10 mg) and were mounted in aluminum pans. FLGTs were heated with a ramping rate of 10 K/min under N 2 condition with a flow rate of 20 mL/min. We calculated T g based on a half-step height method.
Vickers Hardness Test. We performed the Vickers hardness test using LECO LV-100. FLGTs with thickness of ∼1 mm were prepared for the measurement. The loading force was 1 kgf (= 9.8 N), and the dwell time was 15 s. The FLGT surface after loading was analyzed by an optical microscope (Olympus BX51M).
Electrical Conductivity Measurement. FLGTs were cut into square slabs, and we deposited Cr/Au (20/180 nm) as electrodes on each surface of FLGTs using e-beam evaporation. The channel area and the channel length were 16−25 mm 2 and 0.4−0.5 mm, respectively. We measured the electrical conductivity (σ) of FLGTs using a source-meter (Keithley 2400) and a multimeter (HP 34401A) based on a four-terminal method.
RESULTS AND DISCUSSION
FLG was prepared by the ICE method, 8 and FLGTs were prepared by the simple process described in Figure 1a (see Experimental Methods). We centrifugally mixed FLG with epoxy, and the composite mixture was cured in homemade metal molds. A representative Raman spectrum of a FLG flake prepared by the ICE technique is shown in Figure 1b . The defect-induced "D" peak intensity (normalized by graphene "G" peak intensity), I(D)/I(G), is measured to be less than 0.1, which indicates a low defect density and is consistent with the result in previous studies. 8 It is smaller by at least 1 order of magnitude than that of the chemically reduced graphene oxide. 19 It is almost comparable to graphene prepared by CVD 20 or LPE 10 as reported previously (more comprehensive characterizations of FLG prepared by the ICE method can be found in ref 8) . Figure 1c shows a SEM image of the crosssectional structure at the interface of Cu−10 vol % FLGT−Cu, and it demonstrates a macroscopically intact bonding at the interface. Figure 1d shows a SEM image of crumpled and folded FLG flakes in our FLGT, similar to what has been seen in other graphene composites. 19, 21 We do not observe a structural orientation due to a random dispersion of FLG (see Figure S1 in Supporting Information for a similar observation in a few other samples of our FLGTs). In addition, we characterized the electrical conductivity of FLGTs, showing increased electrical conductivity with increasing filler volume fraction (see Figure S6 in Supporting Information).
In order to evaluate the performance of FLGTs, we measured the thermal interface resistance (R int ) and the thermal conductivity (κ TIM ) of FLGTs using a modified ASTM 5470 method based on various earlier reports (see Experimental Methods and Supporting Information). 15, 17, 18 We measured spatial temperature profiles along the upper heat flux meter/Cu−FLGT−Cu/lower heat flux meter (where Cu− FLGT−Cu is a FLGT sandwiched by two copper (Cu) blocks, in direct contact with our flux meters that are also made of Cu, see Figure 2a 
where κ Cu is the reference thermal conductivity of oxygen-free copper, 22 ΔT U = T1 − T2, ΔT L = T5 − T6, and ΔX U = ΔX L = 20 mm (distance between RTDs 1 and 2, and between 5 and 6). Then we calculated the average heat flux, Q AV = (Q U + Q L )/ 2. The total thermal resistance (R = ΔT/Q AV , where ΔT = T3 − T4) of the FLGT and portions of the two copper blocks (between T3 and T4) can be written as R = R Cu1 + R TIM + R Cu2 and R TIM = 2R int + t/κ TIM , where R Cu1 and R Cu2 are thermal resistances due to corresponding portions of the upper and lower copper blocks (that can be calculated from κ Cu and the distances from RTDs 3 and 4 to upper and lower thermal interfaces, respectively); R int is the thermal interface resistance at the FLGT−Cu interface; t is the thickness of the FLGT; and κ TIM is the thermal conductivity of the FLGT. We measured R int and κ TIM of FLGTs from the thickness-dependent R TIM curve (R TIM vs t), using a linear fit as shown in Figure 2c . The slope of The Journal of Physical Chemistry C Article the linear fit and the intercept at the y-axis are equal to 1/κ TIM and 2R int , respectively. At 330 K, we measured R int of 5 vol % and 10 vol % FLGTs to be 3.2 ± 1.7 and 4.3 ± 1.4 mm 2 K/W and κ TIM of 5 vol % and 10 vol % FLGTs to be and 2.8 ± 0.2 and 3.9 ± 0.3 W/mK, respectively. Furthermore, we observe that R int and κ TIM for 5 vol % and 10 vol % FLGTs do not show appreciable dependence on temperature from 300 to 370 K (see Figure S3 in Supporting Information). The measured R int of FLGTs is comparable to or even lower than that of many commercial TIMs, vertically aligned multilayer graphene coated with indium, or CNT buckypaper as shown in Table 1 . In addition, our FLGTs also compare favorably to TIMs based on CNT arrays, whose R TIM (= 2R int + t/κ TIM ) has been measured to be 7−19.8 mm 2 K/W (with typical thickness of 10−15 μm). 23−25 The R int of CNT arrays is probably on the order of 3−10 mm 2 K/W because the bulk contribution (t/κ TIM ) is likely small due to the high thermal conductivity and small thickness of CNT arrays. 24 Figure 2d shows κ TIM of FLGTs as a function of FLG concentration (volume fraction f). We find that κ TIM of FLGTs increases from 0.21 ± 0.03 to 3.87 ± 0.28 W/mK at room temperature when the FLG concentration increases from 0 vol % to 10 vol % (enhancement factor (β) of ∼17 at 10 vol % in the inset of Figure 2d ). However, we observe a noticeable sublinear behavior of κ TIM versus filler (FLG) concentration in contrast to the previous result for graphene/multilayer graphene (GMLG) epoxy composites, which shows an almost linear enhancement when adding GMLG from 0 to 10 vol %. 11 We used a modified effective medium approximation (EMA) theory 28, 29 to analyze the thermal boundary resistance (R B ) between epoxy and FLG in FLGTs. We can write κ TIM of FLGTs as (a detailed derivation can be found in Supporting Information) ( 1) where κ m is the thermal conductivity of the epoxy matrix (0.21 W/mK); f is the volume fraction of FLG; κ px is the in-plane thermal conductivity of FLG (∼1670 W/mK); 30−32 h is the typical thickness of FLG (∼2 nm); 8 and L is the typical lateral size of FLG (∼10 μm). 8 We find that R B between epoxy and FLG, by fitting the data in Figure 2d to eq 1, is ∼6 × 10 On the other hand, R B is still lower than that of untreated graphite nanoplatelet composites by a factor of ∼11. 33 We note that R B at the interface of graphene and dissimilar materials can be as low as ∼10 −9 m 2 W/ K based on earlier theoretical and experimental studies (e.g., R B of graphene−octane, graphene−copper, or graphene− SiO 2 ). 34−36 We speculate that our relatively large R B at the FLG−epoxy interface possibly originates from structural complexities of FLG (e.g., edge and surface roughness or unwanted functional groups induced by the ICE process). However, previous studies on a filler−matrix interface suggested that further thermal enhancement can be possibly achieved through chemical functionalization of fillers by improving thermal linkage between filler−matrix or filler−filler at interfaces. 37−40 For example, Wang et al. recently reported that covalent functionalization can greatly reduce R B between graphene and polymer matrices (e.g., paraffin). 40 We also expect that κ TIM of FLGTs can be improved more with chemical modification of FLG or with the use of hybrid fillers that may lower R B . 41, 42 We further investigated the mechanical property of FLGTs using a Vickers hardness test (see Figure S4 in Supporting Information) as shown in Figure 3a . The hardness of FLGTs is increased by ∼17 % and reaches a peak value of 242 MPa when the FLG concentration increases from 0 (pure epoxy) to 0.25 vol %, and it gradually decreases above 0.25 vol %. The hardness of FLGTs becomes lower than that of pure epoxy above 1 vol %. A recent study has shown a similar trend in graphene nanoplatelet composites (where the highest hardness (∼220 MPa) is found at ∼0.2 vol %, and it starts to decrease beyond that volume fraction). 43 The increase of hardness at the relatively low concentration regime (<0.5 vol %) indicates an effective load transfer from the epoxy matrix to FLG, whereas at the high concentration regime, nonuniform dispersion of fillers such as agglomerations can impede the load transfer and distribution through composites, causing the decrease of hardness. 43, 44 TIMs are often exposed to high temperatures so that thermal stability is an important factor in real applications of TIMs. In order to investigate the thermal stability of FLGTs, we measured the glass transition temperature (T g ) of FLGTs with varying the FLG concentration as shown in Figure 3b , using a differential scanning calorimetry (DSC) method (see Figure S5 in Supporting Information). In general, T g marks a phase transition from a glassy state (T < T g ) to a rubbery state (T > T g ) in polymers, where the mechanical and thermal The Journal of Physical Chemistry C Article properties are often degraded above T g . We observe that T g of FLGTs increases with the increasing FLG concentration, suggesting improvement in the thermal stability of FLGTs. We find that T g is enhanced by ∼50 K when increasing the FLG concentration from 0 to 10 vol %. We note that most of the T g enhancement occurs at the low concentration regime from 0 to 1 vol %. Similar and notable enhancement at low filler concentration was also reported in the well-dispersed functionalized graphene/PMMA composite, and it was explained by a dispersion state transition between a discrete interphase region and a percolated interphase region, leading to a change in mobility of the matrix polymer. 45 In general, well-dispersed nanofillers in polymer composites can efficiently confine the motion of polymer chains, which may increase T g . 46, 47 In addition, in our FLGTs, a relatively low T g has been observed as compared with that in previous studies based on graphite or graphene fillers. 41, 48 It may be due to the low curing temperature (120°C) used in our sample preparation, possibly causing incomplete curing (a similar result is shown in ref 49) . We expect that an optimized curing process can further improve the thermal stability.
It is also important to note that TIMs often undergo thermal and mechanical stresses (e.g., multiple thermal cycles). Such environments can deteriorate the performance of TIMs in a long-term use so that relevant tests are important. We measured R TIM of representative 49 μm-thick 5 vol % and 45 μm-thick 10 vol % FLGTs with increasing pressure from 0.14 to 1 MPa as shown in Figure 4a . We do not observe any appreciable change of R TIM for each of the samples under different pressures, indicating that the thermal performance is not degraded within the measurement range (a realistic pressure range in CPU packaging is ∼0.12 MPa 15 ). For further investigation of the reliability under thermal cycling, we monitored change in R TIM of representative FLGTs as shown in Figure 4b when repeatedly changing the average temperature of FLGTs between 300 and 370 K (lower than T g of FLGTs). No noticeable change in R TIM for each of the FLGTs is observed after the ten thermal cycles tested. It suggests, for example, that there is no significant thermal cycling induced delamination (which would increase R int ) during this test.
CONCLUSION
We investigated thermal properties of FLGTs (R int and κ TIM ) to demonstrate the feasibility of FLG composites as TIMs. We measured R int to be 3.2 ± 1.7 and 4.3 ± 1.4 mm 2 K/W for 5 vol % and 10 vol % FLGTs at 330 K, respectively. The measured R int is comparable to many commercial TIMs, and we expect that there is further room for improving R int . Recent studies imply that R int can be further improved by enhancing the real bonding area with tuning the wetting parameter of TIMs (e.g., surface energy and contact angle). 50, 51 It suggests that future work can focus more on optimizing the real bonding area by investigating the wettability change of FLGTs during the assembling/curing process, rather than just focusing on studying methods to improve the thermal conductivity of bulk TIMs. We also find that κ TIM of FLGTs is improved by an enhancement factor β of ∼17 with increasing the FLG concentration from 0 to 10 vol %. The highest κ TIM is measured to 3.87 ± 0.28 W/mK at 10 vol % at room temperature. We observe a sublinear behavior of κ TIM versus FLG concentration with the relatively large fitted R B at the FLG−epoxy matrix interface. In addition, we find that the thermal stability as characterized by T g of FLGTs is enhanced with adding FLG and that FLGTs are not vulnerable to the thermal stress during multiple thermal cycles tested.
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